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TOWARD AN ACCOUNT OF CLINICAL ANXIETY
PREDICATED ON BASIC, NEURALLY MAPPED
MECHANISMS OF PAVLOVIAN FEAR-LEARNING:
THE CASE FOR CONDITIONED OVERGENERALIZATION

Shmuel Lissek, Ph.D.

The past two decades have brought dramatic progress in the neuroscience of anxi-
ety due, in no small part, to animal findings specifying the neurobiology of Pavlo-
vian fear-conditioning. Fortuitously, this neurally mapped process of fear learn-
ing is widely expressed in bumans, and bas been centrally implicated in the eti-
ology of clinical anxiety. Fear-conditioning experiments in anxiety patients thus
represent a unique opportunity to bring recent advances in animal neuroscience to
bear on working, brain-based models of clinical anxiety. The current presentation
details the neural basis and clinical relevance of fear conditioning, and bighlights
generalization of conditioned fear to stimuli resembling the conditioned danger
cue as one of the more robust conditioning markers of clinical anxiety. Studies
testing such generalization across a variety of anxiety disovders (panic, gener-
alized anxiety disorder, and social anxiety disorder) with systematic methods
developed in animals will next be presented. Finally, neural accounts of overgen-
eralization deriving from animal and buman data will be described with empha-
sis given to implications for the neurobiology and treatment of clinical anxiety.
Depression and Anxiety 29:257-263, 2012. © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Central to etiological accounts of clinical anxiety are
abnormalities in Pavlovian fear-conditioning{!~*): the
associative learning process by which an initially be-
nign conditioned stimulus (CS) assumes anxiety-eliciting
properties by way of its cooccurrence with a naturally
aversive unconditioned stimulus (US). Though fear con-
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ditioning generally serves an adaptive, self-preserving
function, it becomes a source of pathology when anx-
ious reactivity persists to CSs no longer accompanied
by, or predictive of, the aversive US. Different anxiety
disorders are distinguished primarily by the nature of
the US and CS. For example, in social anxiety disorder
(SAD), panicdisorder (PD), and posttraumatic stress dis-
roder (PTSD), the respective USs are “time limited” em-
barrassing events, panic attacks, and traumatic encoun-
ters that elicit unconditioned anxiety, and the CSs are
those people, places, and things associated with the rel-
evant US. Conditioning processes are similarly thought
to contribute to all these disorders by conferring anxio-
genic valence to CSs, and stimuli resembling the CSs,
that are then capable of eliciting and maintaining (con-
ditioned) anxiety responses well after the termination of
the time-limited US.

As alluded above, fear conditioning is more than a
phenomenon that goes awry in clinical anxiety but is
a fundamental learning process expressed in all peo-
ple. Indeed, fear conditioning can be thought of as a



258 Lissek

basic building block of the fear network,” or web of
fear-related memories, through which memories of neu-
tral stimuli are incorporated as a function of their associ-
ation with an aversive outcome. Fear conditioning is not
just basic to the human experience but is ubiquitously
expressed in numerous species from snails to nonhu-
man primates—a cross-species feature that has led to
the elegant elucidation of conditioned fear in the brains
of lower mammals.’) Such animal data provide impor-
tant insights on human fear-conditioning, generally, as
well as neural substrates of conditioning aberrancies in
clinical anxiety, specifically. The current paper will de-
tail the neurobiology of fear conditioning derived from
work in animals, link these findings to clinical anxiety
through meta-analytic results implicating overgeneral-
ization of conditioned fear as one of the more promising
conditioning correlates of anxiety pathology, describe
a program of work designed to further investigate the
clinical relevance and brain basis of human generaliza-
tion, and propose candidate neural mechanisms through
which clinical abnormalities in generalization may be ex-
plained and, in the future, treated.

NEUROCIRCUITRY OF
UNCONDITIONED AND
CONDITIONED FEAR

UNCONDITIONED FEAR

Evidence from animal studies demonstrates the cen-
trality of the amygdala for processing fear-relevant stim-
uli. As shown in Figure 1 (Pathway A), when a naturally
aversive US (e.g. electric shock) is encountered, the tha-
lamus relays sensory information to the input node of
the amygdala: the lateral nucleus (La), resulting in ac-
tivation of the amygdala’s output node: the central nu-
cleus (Ce), which then excites subcortical and brainstem
structures (e.g. lateral hypothalamus, central gray, bed
nucleus of the stria terminalis) responsible for the auto-
nomic, behavioral, and neuroendocrine constituents of
the fear response. (¢!

ACQUISITION

The amygdala-based circuit mediating the formation,
or acquisition, of fear to a conditioned danger cue (CS+)
following its pairing with an aversive US is illustrated in
Figure 1, (Pathway B). Unlike exposure to the US, pre-
conditioning exposures to the CS+ do notlead to activa-
tion of the input (La) or output (Ce) nodes of the amyg-
dala, but do—by way of the thalamus—evoke the release
of glutamate in the La, which then binds to glutamate
receptors of La neurons.”) During acquisition of condi-
tioned fear, when the US follows the CS+- closely in time,
activation of La neurons by the US occurs in the pres-
ence of CS+ provoked glutamate, triggering a cascade of
intracellular processes (e.g. release of Ca’* which binds
to N-Methyl-D-aspartic acid (NMDA) receptors— ex-
citation of protein kinases (e.g. mitogen-activated pro-
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tein kinase [MAPK])— activation of transcription fac-
tors [cAMP response element-binding; CREB]— syn-
thesis of RNA and protein)—the end result of which is
the availability of new proteins used, in gart, to increase
the amygdala’s sensitivity to the CS+.I" For example,
some new proteins are used to form additional glutamate
receptors in the La, rendering the La more sensitive to
CS+ induced glutamate. Through repeated parings of
the CS+ and US (i.e. repeated acquisition trials), these
intracellular changes accumulate, and the amygdala be-
comes increasingly reactive to the CS+—a stimulus pre-
viously incapable of activating the amygdala.

EXTINCTION

Figure 1 (Pathway C) denotes the circuit engaged dur-
ing extinction when the CS+ is repeatedly presented in
the absence of the US. At the outset of extinction, the
CS+ continues to excite the Ce of the amygdala (via the
thalamo-LA-Ce pathway) resulting in the fear response.
However, with repeated presentations of the CS+ in the
absence of the US, the thalamus increasingly activates
the medial prefrontal cortex, which relays excitation to
intercalated cells of the amygdala, a group of GABAergic
amygdaloid neurons that inhibit activation of the Ce and
its fear-related projections. Extinction, or neutralization,
of fear to the CS+ results when the inhibitory influence
of medial prefrontal cortex on the Ce, outcompetes exci-
tatory communications from the La to the Ce, resulting
in the inactivation of Ce projections underlying the fear
response.®!

In addition to acquisition and extinction, a variety of
other learning processes (e.g. extinction retention, con-
solidation, reconsolidation, contextual conditioning, re-
versal, discrimination/generalization) have been linked
to brain mechanisms with lab-based Pavlovian condi-
tioning experiments in animals (for a review seel”!0)).
Though a detailed description of this array of findings is
beyond the purview of the current paper, they illustrate
the wealth of animal data available on the neurobiology
of a number of different processes of conditioned fear.
Importantly, the clinical relevance of brain circuits sub-
serving these different conditioning processes depends
on human data, from comparable experiments, speci-
fying conditioning aberrancies associated with anxiety
disorders.

THE ROAD TO
GENERALIZATION

Existing conditioning experiments in anxiety dis-
orders generally apply discriminative conditioning,
whereby the degree to which a subject’s fear response
is differentially larger to a CS paired with an aversive
US (CS+: learned danger cue) versus a CS presented in
the absence of the US (CS—: learned safety cue) is as-
sessed. A meta-analysis of such studies reflecting psy-
chophysiologically indexed conditioning scores across
453 anxiety patients and 455 healthy comparisons failed
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Figure 1. Schematic of fear circuitry subserving unconditioned and conditioned fear derived from animal data. (A) Solid black arrows
mark the processing path for an inherently aversive US (e.g. electric shock) that activates the input and output nodes of the amygdala,
culminating in the behavioral, endocrine, and autonomic constituents of the fear response. (B) The light gray processing path subserves
acquisition of conditioned fear, ensuing when a neutral conditioned stimulus (CS+) causes the release of glutamate in La neurons in close
temporal proximity to US-induced depolarization of these same neurons. The cooccurrence of this glutamate release and depolarization
results in a cascade of intracellular processes in the La (release of Cal2l* which binds to NMDA receptors— excitation of protein kinases
[e.g. MAPK]— activation of transcription factors [CREB]— synthesis of RNA and protein) which then makes new proteins used, in
part, to increase the amygdala’s sensitivity to the CS+. (C) Broken arrows delineate extinction of conditioned fear, whereby repeated
presentations of the CS+ in the absence of the US weakens the conditioned fear response. This weakening is thought to ensue when an
mPFC-ITC mediated inhibition of the central nucleus of the amygdala outcompetes the excitatory pathway formed during acquisition.
(D) Denoted by compound arrows is the processing path for discrimination of conditioned fear to a conditioned safety cue (CS-) with
perceptual resemblance to the CS+. Sensory and affective discrimination of CS- from CS+ begins with higher order processing of
CS- in the sensory cortex. Next, the hippocampus may perform a schematic match between the cortical representation of the previously
encountered CS+ and that of the currently presented CS-. With sufficient mismatch, the hippocampus initiates pattern separation
resulting in activation of the mPFC, which then inhibits fear by activating a group of inhibitory, intercalated (IT'C) neurons in the
amygdala. La, lateral nucleus of the amygdala; Ce, central nucleus of the amygdala; Ca2+, calcium; NMDAR, N-Methyl-D-aspartic acid
receptor; MAPK, mitogen-activated protein kinase; CREB, cAMP response element-binding transcription factor; BST, bed nucleus
of the stria terminalis; PAG, periaqueductal gray; RPC, reticularis pontis caudalis; hypo, hypothalamus; excitatory connections (lines
ending with triangles); inhibitory connections (lines ending with circles).

to show the expected elevation in differential respond-
ing (i.e. CS+ > CS-) among those with, versus with-
out, an anxiety disorder, but rather implicated enhanced
fear-responding to the CS- as one of the more robust
conditioning correlates of clinical anxiety.”) Given that
CS+ and CS- employed by this literature, invariably
share many stimulus properties (e.g. size, shape, du-
ration), such findings implicate an enhanced tendency
among anxiety patients to generalize conditioned fear

from the danger cue to resembling safety cues. This
“generalization” interpretation of data is consistent with
clinical conceptualizations of anxiety pathology in which
over-generalization is thought to contribute etiologi-
cally by proliferating anxiety cues in the individual’s
environment that then increase and/or sustain anxiety
symptoms.

Though both lab-based data and clinical observation
implicate overgeneralization of conditioned fear as an
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Figure 2. Average standardized startle-blink EMG magnitudes at generalization test, by group, for conditioned stimuli paired (CS+)
and unpaired (CS—) with shock, GSs (GS1, GS;, GS3, GS4), and intertrial intervals (ITIs). The dotted lines reflect linear decreases in
startle from CS+ to CS— with which to visualize the deviation of gradients from linearity. Such deviations reflect a significant quadratic
component in the generalization gradient of healthy comparison subjects (P = .001) but not patients with PD (P = .62). The circled data
points indicate stimulus classes for which startle is potentiated relative to the CS— (at the Hochberg-adjusted P value) for each group.

important marker of anxiety pathology, no ps%/chobio—
logical studies prior to studies by our group!!!>!?! system-
atically examined the conditioned generalization process
in any of the anxiety disorders. Indeed, past condition-
ing studies in clinical anxiety were not explicitly inter-
ested in assessing generalization, and reactions to CS—
were included only as control conditions with which to
contrast levels of CS+ reactivity. Because this lack of
work in the clinical realm was accompanied by a virtual
absence of such work in humans, we designed and psy-
chophysiologically validated a novel paradigm!*) em-

ploying systematic tests of generalization developed in
animals referred to as generalization gradients: the grad-
ual weakening of the conditioned response as the tar-
get (generalization) stimulus becomes increasingly dis-
similar to the CS+.I'*1 The steepness of this gradient
indexes generalization, with less steep downward gradi-
ents indicating more generalization. Our generalization
paradigm, as displayed in Figure 2, employs six classes
of rings of gradually increasing size. The extreme ring
sizes serve as CS+ (paired with electric shock) and CS-
(unpaired with shock), with the CS+ being the small-
est for half of participants and the largest for remain-
ing participants. Generalization stimuli (GSs) consist
of the four classes of intermediately sized rings (GS;,
GS;, GS;, GS4) and create a continuum-of-similarity
from CS+ to CS-. Conditioned fear as well as its
generalization was assessed by fear-potentiated startle: the
reliable enhancement of the startle reflex when an or-
ganism is in a state of fear.['’) Data in Figure 2A demon-
strate continuous decreases in generalization of condi-
tioned fear in healthy controls, with the highest level of
fear-potentiated startle to the CS+, and gradually sub-
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siding levels to stimuli of decreasing similarity to the
CS+.

CLINICAL TESTING OF THE
HUMAN GENERALIZATION-
GRADIENT PARADIGM

PD AND GENERALIZATION

PD was the first clinical group to which this paradigm
was applied.!'! In the context of PD, the US is the panic
attack itself and the CSs are the people places, and sen-
sations that cooccur with the attack. Conditioning is
thought to contribute to the onset and maintenance of
PD by conferring panicogenic valence to the CSs that
are then capable of eliciting anticipatory anxiety for, or
actual occurrence of, additional attacks. However, CSs
contributing to PD are not thought limited to the orig-
inal CSs but proliferate to resembling stimuli through
the generalization process.l'*"""l For example, learned
fear of a particular public place where a panic attack oc-
curred tends to generalize to other public places (malls,
cafeterias, or subways). Additionally, acquired fear of au-
tonomic sensations experienced during panic is known to
generalize to benign activities of everyday life that elicit
resembling sensations (e.g. exercise, climbing stairs, or
running for a bus). These clinically observed proclivi-
ties to generalize among panic patients led to the hy-
pothesis that panic patients would overgeneralize con-
ditioned fear-potentiated startle to stimuli resembling
the CS+. Figures 2A and 2B display results for healthy
comparisons versus panic patients. Group differences
in the shape of gradients emerged with more shallow
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linear decreases in patients and steeper quadratic de-
creases in healthy comparisons, indicating more general-
ization among those with PD. Further evidence of over-
generalization in panic patients derives from follow-up
contrasts, the results of which are presented in Figure 2
as circled data points reflecting stimulus categories elic-
iting fear-potentiated startle relative to CS—. Such anal-
yses revealed generalization of conditioned fear to stim-
uli with up to three units of CS+ differentiation in panic
patients, but only one unit of differentiation in healthy
comparisons.

GENERALIZED ANXIETY DISORDER (GAD), SAD,
AND GENERALIZATION

In subsequent applications of this paradigm, patients
with GAD and SAD were tested with opposite predic-
tions. In GAD, a multiplicity of situations lead to anxi-
ety and part of this multiplicity may well stem from the
overgeneralization of fear to resembling situations. Sup-
porting this prediction of overgenerahzatlon in GAD
are findings of increased sensitivity to uncertainty!!’
well as a tendency to interpret ambiguous stlmull as
threatening among GAD patients.”"l Because GSs in
this paradigm are intermediary-sized rings constituting
threat of a more uncertain and ambiguous nature, we
expected overresponding in GAD patients to our GSs.
In contrast to GAD, SAD is characterized by circum-
scribed anxiety responses associated with the fear of so-
cial scrutiny and humiliation. Threat of electric shock
used in this program of work is a more physical threat
that falls outside the circumscribed content of their pho-
bic fear and should elicit normative levels of conditioning
and generalization. Thus, SAD patients were expected
to show normal levels of generalization and served as
a psychiatric control group. Predictions were largely
confirmed with evidence of overgeneralization in con-
ditioned fear-potentiated startle, akin to that found in
PD, among those with GAD but not SAD. 2!

THE NEUROBIOLOGY OF
GENERALIZATION

Our group next turned to the neural characterization
of conditioned generalization in an effort to identify can-
didate brain processes subserving the overgeneralization
found in clinical anxiety. Owing to the cross-species rel-
evance of this conditioning process, hypotheses for hu-
man generalization were informed by neurobiological
findings in animals. Among them are findings suggest-
ing a critical role for the hippocampus, with increased
generalization of conditioned responses to stimuli re-
sembling the CS+ in lower mammals with lesions of the
hippocampus.l?>2}] Of note, generalization constitutes
a failure to discriminate CS+ from CS- and, as such,
previously reported deficits evoked by hippocampal le-
sions can also be interpreted as impairments in discrim-
inative conditioning. Figure 1 (Pathway D) displays a
neural model of generalization/discrimination centered

on the hippocampus. Following acquisition of condi-
tioned fear to the CS+, when presented with the CS—
, the thalamus is thought to relay sensory information
to the cortex for higher order sensory processing, re-
sulting in activation of the cortical representations of
CS- in sensory cortex.?*?’ The hippocampus is next
thought to complete a schematic match (same—different
appraisal) between the cortical representation of the pre-
viously encountered CS+ and the currently experienced
CS-. With sufficient overlap in CS+ and CS- repre-
sentations, the hippocampus may initiate pattern comple-
tion Whereby a subset of cues from a previous experience
(i.e. the CS+) activates the whole of the stored pattern
representing the currently experienced stimulus (i.e. the
CS-).?6] Because part of the pattern of brain activity
subserving the CS+ includes fear-related brain areas,
completion of this pattern, via CS— exposure, will re-
sult in activation of such structures as the amygdala and
anterior insula culminating in the amygdala-mediated
fear response (i.e. fear generalization to the CS-). In the
event of insufficient overlap, the hippocampus is thought
to initiate pattern separation resulting in spreading of ac-
tivation to the medial-prefrontal cortex, which projects
to the intercalated cells of the amygdala that then inhibit
the Ce and its anxiety-related projections—an inhibitory
cascade resulting in little generalization of fear to the
CS-.

To what degree do these animal findings relate to hu-
man generalization? Preliminary findings from an func-
tional magnetic resonance imaging (fMRI) version of
the generalization gradient paradigm displayed in Fig-
ure 2 reveal brain areas engaged by human generaliza-
tion that overlap with animal findings, including the hlP
pocampus, medial prefrontal cortex, and amygdalal?!l.
Specifically, activations in the hippocampus and ventro-
medial-prefrontal cortex (vmPFC) were weakest to GS
with the best “schematic match” to the CS+ (i.e. stimuli
most similar to the CS+) and strengthened in a curve—
linear manner as the schematic match decreased. In-
versely, amygdala (and anterior insula) activations de-
creased curve linearly as the match between GS and CS+
decreased. This pattern of results, informed by infer-
ences from animal findings, suggests that GSs with de-
creasing schematic match to the CS+ elicited increasing,
hippocampally mediated, pattern separation of GS from
CS+ representations, resulting in increasingly strong
vmPFC activations and a correspondingly strong inhi-
bition of such fear-related areas as the amygdala and an-
terior insula.

CANDIDATE NEURAL LOCI OF
OVERGENERALIZATION IN THE
ANXIETY DISORDERS
CLINICAL INFERENCES FROM PRELIMINARY

fMRI DATA

The neural correlates of generalization described
above afford several predictions regarding potential

Depression and Anxiety
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brain abnormalities subserving overgeneralization of the
kind generated psychophysiologically in clinical anxi-
ety. One such prediction is reduced hippocampally me-
diated pattern separation in response to GSs among
those with clinical anxiety. That is, anxiety patients may
require greater dissimilarity between the CS+ and GS
before the hippocampus initiates pattern separation
leading to activation of the fear inhibiting vimPFC. Ad-
ditional clinical aberrancies may lie in the vimPFC and
amygdala, whereby fear fails to be inhibited following
hippocampally mediated pattern separation due to insuf-
ficient vmPFC activity, overly strong amygdala activity
that eludes vinPFC control, or both.

FURTHER CLINICAL INFERENCES FROM
ANIMAL WORK

During mammalian fear-conditioning, the amygdala
activates the nucleus basalis of Meynert, 71 which
then projects to the visual, auditory, and somatosen-
sory cortices—providing acetylcholine to the represen-
tation of the CS+ in sensory cortex.’®! This influx of
acetylcholine has been shown to retune receptive fields
in sensory cortex toward CS+ attributes, such that an in-
creased number of sensory neurons become responsive
to the CS+ (for a review, see 29). Importantly, neurons
that retune to the CS+ following conditioning have also
been shown to retune to stimuli resembling the CS+53%
with decreasing levels of retunin;?r as the stimulus be-
comes less similar to the CS+.*"! Thus the memorial
representation of the postacquisition CS+ includes an
enlarged population of cortical neurons that extends be-
yond those engaged by the preacquisition CS+ to neu-
rons comprising the cortical representation of sensory
stimuli similar to the CS+. This conditioning-induced
neural overlap between the CS+ representation and its
approximations increases the likelihood that postacqui-
sition exposure to stimuli similar to the CS+ will acti-
vate the CS+ representation, via hippocampally medi-
ated pattern completion, culminating in the neural and
behavioral constituents of the fear response (i.e. fear gen-
eralization to the CS+ approximate).

As mentioned previously, the nucleus-basalis
mediated cholinergic influx into sensory cortex during
aversive conditioning follows from fear-related amyg-
dala excitation of the nucleus basalis.?”) Given findings
of increased amygdala activity during fear conditioning
in clinical anxiety,?!! it logically follows that anxiety pa-
tients undergoing fear-conditioning may incur greater
influx of acetylcholine into sensory cortex, increased
neural overlap between the memorial representations
of the CS+ and its approximations, and a heightened
likelihood of activating the CS+ representation—and
the associatively linked fear circuitry—upon exposure
to stimuli resembling the CS+. Given the choliner-
gic nature of this conditioning-dependent plasticity,
medications with anticholinergic properties (e.g. scopo-
lamine) may facilitate improved sensory discrimination
of the conditioned danger cue and its approximations
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and may thereby treat overgeneralization of the kind
associated with PD.

A second candidate neural mechanism for conditioned
generalization gleaned from animal work is the NMDA-
dependent rise in intracellular Ca2+ in lateral amyg-
dala neurons, thought essential for the formation of as-
sociative links between the CS+ and US.I"! Consistent
with this idea, the partial NMDA agonist D-cycloserine
(DCS) has been found to enhance acquisition*?! and
retention!®’! of conditioned fear—learning critically re-
liant on the CS+/US connection. Such results support
the potental efficacy of (partdal) NMDA agonists, such
as DCS, for reducing generalization of conditioned fear
by strengthening the accuracy of the conditioning mem-
ory and thereby reducing the frequency of “generaliza-
tion errors.” This possibility receives support from ani-
mal findings demonstrating that DCS dose dependently
improves acquisition of conditioning and results in less
generalization to stimuli resembling the CS+.* Such
findings support the potential utility of DCS for revers-
ing overgeneralization associated with clinical anxiety
by increasing the strength and accuracy of the encoded
conditioning memory—an effect apt for testing given
the favorable neurotoxicity profile of DCS in human
beings.

CONCLUSION

Advances in the neurobiology of Pavlovian
fear-conditioning are setting the stage for systems
neuroscience approaches to conceptualizing and treat-
ing clinical anxiety. The scientific traction of fear
conditioning, in this context, is fueled by its conser-
vation across species and demonstrated relevance to
clinical anxiety. This convergence of attributes affords
a wealth of neurobiological data from elegant, but
invasive, animal research with which to hypothesize,
test, and interpret candidate neural loci of conditioning
aberrancies associated with anxiety disorders. One
Pavlovian correlate of anxiety pathology with particular
promise is the overgeneralization of conditioned fear to
stimuli resembling the conditioned danger cue. Animal
findings together with emerging human data implicate a
set of interrelated neural processes that may determine
levels of generalization. One such process involves hip-
pocampally mediated pattern separation of CS+ from
CS- that may both activate brain areas associated with
fear inhibition (vmPFC) and deactivate areas associated
with fear excitation (amygdala, anterior insula) resulting
in both successful discrimination of CS+ from CS-
and little generalization. Additionally, generalization
may be subserved in part by cholinergically mediated
plasticity in neural representations of the CS+, shown
to blur perceptual distinctions between the CS+ and
CS~, that then bias the hippocampus toward pattern
completion. These ideas represent the beginnings of
a neural account of a central conditioning correlate of
anxiety pathology that, together with other emerging
findings, are giving form to a working, brain-based
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conceptualization of clinical anxiety with promise for
promoting novel, neurally targeted therapeutics.
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